1 Abstract: Drowsiness which can affect work performance, is often elicited through self-2 reporting. This paper demonstrates the potential to use EEG to objectively quantify changes to 3 drowsiness due to poor indoor air quality. Continuous EEG data was recorded from 23 4 treatment group participants subject to artificially raised indoor CO 2 concentrations (average 5 2,700 ± 300 ppm) for approximately 10 minutes and 13 control group participants subject to 6 the same protocol without additional CO 2 (average 830 ± 70 ppm). EEG data were analysed 7 for markers of drowsiness according neurophysiological methods at three stages of the 8 experiment, Baseline, High CO 2 and Post-Ventilation. Treatment group participants' EEG data 9 yielded a closer approximation to drowsiness than that of control group participants during the 10 High CO 2 condition, despite no significant group differences in self-reported sleepiness. Future 11 work is required to determine the persistence of these changes to EEG over longer exposures 12 and to better isolate the specific effect of CO 2 on drowsiness compared to other environmental 13 or physiological factors. 14 15 16 17 18 Practical implications:
143 online retailer for their participation.
144 Participants were split into two groups. Of the participants with usable EEG data, this involved: 145 23 participants in the "treatment group" (TG) who received artificially raised CO 2 146 concentrations and 13 participants in the "control group" (CG) for whom CO 2 concentrations 147 were not artificially raised (Table 1 ). The variance in the size of the groups is due to which of 148 the participants had sufficiently clean EEG for inclusion and the difficulty in recruiting a larger 149 sample. 181 Carbon dioxide was introduced using a cylinder of ultrapure CO 2 (greater than 99.99% purity) 182 located in the corner of the room with the outlet attached to pedestal fan to achieve mixing.
183 The fan was pointed away from the participant and in operation only for the duration of 184 Condition 3 (see Table 2 ), when CO 2 was being released, in order to minimise any influence 185 of air movement on perception or produce possible thermal comfort effects during subsequent 186 conditions. The target CO 2 concentration once mixed was 2,700 ppm (mean: 2,700 ± 300 ppm 187 for the duration of Condition 5). Participants were instructed to sit at the table in the middle of 188 the room while the researcher operated the computer and the gas cylinder behind the 189 participant. In this way participants were aware the air quality was going to be changed 190 somehow during the experiment, but were not aware how.
192
Experimental Procedure 193 The experimental protocol took place in the one study room ( Figure 1 ). The study protocol is 194 summarised below for TG participants ( Indoor conditions by analysis segment 294 Table 3 below summarises the measured indoor environment parameters at each of the two-295 minute analysis segments: Baseline, High-CO 2 and Post-Ventilation (Figure 2) , for TG and 296 CG participants: 297 298 Table 3 , TG participants were 304 exposed on average to an additional 1,898 ppm of pure CO 2 to that generated by human 305 respiration alone.
306 To control for possible temperature effects, all participants were able to adjust clothing as they 307 wished prior to the experiment to ensure comfort. A 3 (analysis segment) by 2 (group) mixed 308 model ANOVA was run to assess temperature fluctuations. Results show that CG participants 309 were tested at a significantly higher temperature than TG participants (see Table 3 and Section 310 0; F (1, 34) = 6.30, p = .02, η p 2 = .16). This was due to the majority of CG participants being 311 tested following the activation of the building's heating systems. Results also showed that 312 temperature varied significantly between each of the analysis segments irrespective of group 
EEG results
328 To test for the effect of elevated CO 2 concentration upon participants' EEG, a 4 (frequency) by 329 5 (electrode region) by 3 (analysis segment) by 2 (group) mixed model ANOVA was run.
High-CO 2 vs Baseline Post-Vent vs High-CO 2 Overall power, withinmeasures
Overall Treatment group
Control group Overall Treatment group
Control group h-delta ↑ p < .001 ↑ p = .01 ↑ p = .003 ↓ p = .004 ↓ p = .07 a ↓ p = .02 Frontal theta ↑ p < .001 ↑ p = .004 ↑ p < .001 ↓ p = .07 a ↓ p = .77 ↓ p = .53 alpha ↑ p = .07 a ↑ p = .31 ↑ p = .11 ↑ p = .73 ↓ p = .83 ↑ p = .53 beta ↑ p = .003 ↑ p = .09 a ↑ p = .007 ↓ p = .47 ↓ p = .79 ↓ p = .48 h-delta ↑ p = .002 ↑ p = .02 ↑ p = .05 a ↓ p = .04 ↓ p = .38 ↓ p = .04 theta ↑ p = .14 ↑ p = .02 ↑ p = .89 ↓ p = .36 ↓ p = .52 ↓ p = .53
Central alpha ↑ p = .40 ↑ p = .31 ↓ p = .98 ↓ p = .32 ↓ p = .38 ↓ p = .65 beta ↑ p = .36 ↑ p = .43 ↑ p = .64 ↓ p = .35 ↓ p = .57 ↓ p = .45 h-delta ↑ p = .02 ↑ p = .04 ↑ p = .27 ↓ p = .35 ↓ p = .55 ↓ p = .48 theta ↑ p = .01 ↑ p = .006 ↑ p = .55 ↓ p = .16 ↓ p = .37 ↓ p = .26
Parietal alpha ↑ p = .03 ↑ p = .001 ↑ p = .92 ↓ p = .43 ↓ p = .32 ↓ p = .88 beta ↑ p = .03 ↑ p = .02 ↑ p = .60 ↓ p = .46 ↓ p = .29 ↑ p = .93 h-delta ↑ p = .13 ↑ p = .33 ↑ p = .22 ↓ p = .34 ↓ p = .50 ↓ p = .52 theta ↑ p = .38 ↑ p = .62 ↑ p = .38 ↓ p = .67 ↓ p = .31 ↑ p = .70
Temporal alpha ↑ p = .77 ↑ p = .87 ↑ p = .80 ↑ p = .81 ↓ p = .58 ↑ p = .36 beta ↑ p = .67 ↑ p = .86 ↑ p = .64 ↓ p = .68 ↓ p = .79 ↓ p = .75 h-delta ↑ p = .009 ↑ p = .03 ↑ p = .14 ↓ p = .07 a ↓ p = .15 ↓ p = .31 theta ↑ p = .008 ↑ p = .03 ↑ p = .16 ↓ p = .16 ↓ p = .61 ↓ p = .08 a Occipital alpha ↑ p = .20 ↑ p = .18 ↑ p = .53 ↓ p = .03 ↓ p = .26 ↓ p = .02 beta ↑ p = .04 ↑ p = .14 ↑ p = .16 ↓ p = .21 ↓ p = .73 ↓ p = .09 a h-delta ↑ p < .001 ↑ p = .007 ↑ p = .009 ↓ p = .01 ↓ p = .11 ↓ p = .04 theta ↑ p < .001 ↑ p = .003 ↑ p = .006 ↓ p = .08 a ↓ p = .53 ↓ p = .03
Overall alpha ↑ p = .008 ↑ p = .11 ↑ p = .03 ↓ p = .20 ↓ p = .17 ↓ p = .65 beta ↑ p = .01 ↑ p = .12 ↑ p = .03 ↓ p = .35 ↓ p = .55 ↓ p = .49 352 a Trend (p < .10). Italics denotes significant p-values 353 354
355 Overall results, irrespective of group, show no changes in the temporal electrode region for any 356 frequency. The strongest effects from Baseline to High-CO 2 are an increase of frontal high-357 delta, theta and beta, central high-delta, and occipital high-delta and theta, as well as global 358 increases in high-delta, theta, and alpha. Despite a lack of significant group effects in the overall 359 model, the data presented in Table 4 show a clear difference in the pattern of frequency power 360 changes across the brain in the two groups. According to the definition of drowsiness employed 361 (Section 0), the results show the EEG of the TG shows a closer approximation to drowsiness 362 compared to that of the CG, considering: (a) the increase in delta and theta is more global than 363 the CG and (b) CG also has a significant overall increase in alpha and beta, while TG increase 364 is theta and high-delta only.
366
Relationship between EEG and temperature 367 In order to assess whether any relationship existed between the temperature in the room and 368 the EEG, Pearson correlations were run for each analysis segment. The results show no 369 significant correlation between the average temperature during the segment and the global EEG 370 power of each frequency recorded during that time period. Correlations were also run for each 371 electrode region. This analysis found a significant negative relationship for alpha power in the 372 temporal region and temperature during Baseline only (r = -.34, p = .04).
374
Self-reported sleepiness (Effect of analysis segment, treatment group, within 375 measures)
376 Analysis of questionnaire data on subjective sleepiness found a significant main effect of 377 analysis segment on self-reported sleepiness, χ 2 (2) = 22.84, p < .001 (Friedman's ANOVA).
378 Wilcoxon matched pairs post-hoc comparisons show that participants at High-CO 2 had 379 significantly higher ratings of sleepiness than both Baseline (p < .001) and Post-Ventilation (p 380 = .01). The Post-Ventilation segment also showed significantly higher ratings of sleepiness 381 than Baseline (p = .01) ( Table 5 ). These p-values remained significant when analysed using 382 parametric statistics (3-way ANOVA). . The duration of this present study is much shorter than other studies and 431 subjective sleepiness between groups was unaffected. Given the short duration of the study and 432 the similarity of subjective sleepiness between groups, a possible explanation here is that both 433 groups self-report higher feelings of sleepiness simply as a function of time (being sat still in 434 the same room with no stimulation).
384
435 Further work is required to determine whether the objectively measured drowsiness indicated 436 in the EEG results persist over longer timescales, whether self-reported drowsiness is better 437 correlated to EEG over time, and whether EEG may be used as something of an early warning 438 system for drowsiness. Small changes in CO 2 can quickly affect blood pH [31] , and owing to 439 the short duration of the experiment, it is possible that EEG results may provide a more timely 440 indication of physiological changes than subjective sleepiness, though this suggestion needs to 441 be corroborated. Additionally, because both subjectively and objectively measured indications 442 of drowsiness were reduced following ventilation of the room future work could additionally 443 explore the potential of regular ventilation episodes in knowledge work spaces to retain 444 alertness.
446
Relationship between EEG and temperature 447 Results also show a significant effect of temperature with CG participants, completing the 448 experiment at a slightly higher temperature than TG participants. Temperature in both groups 449 increased from Baseline to High-CO 2 before dropping to below baseline levels as a result of 450 the ventilation of the room. Related literature finds lower temperatures (without increased CO 2 ) 451 are correlated to decreased drowsiness as measured by EEG [29], and increasing indoor 452 temperatures (i.e. warm discomfort) is correlated to difficulty concentrating [49]. These 453 findings might explain the higher subjective sleepiness experienced by the CG at High CO 2 ; 454 however, as mentioned, the subjective sleepiness ratings were small and not statistically 455 significant and all participants were invited to modify their clothing if required in order to 456 remain thermally comfortable throughout the experiment. Conversely, the TG had a higher 457 objective indication of drowsiness but were subject to cooler temperatures than the CG, 458 potentially suggestive that (1) the effects on the EEG of the TG in this study may be attributable 459 to CO 2 rather than temperature and (2) that subjective and objective determinations of 460 drowsiness may not be correlated over short timescales. Future research could better control 461 the temperature of the environment to remove this variable as a potential confound.
462 Additionally, the correlation between objectively and subjectively measured drowsiness due to 463 changed CO 2 conditions needs to be further explored, e.g. the potential for EEG to act as an 464 early warning system for drowsiness.
465

